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AdsorptionAbstract Chitosan (CTS) was ﬁrst prepared by proper treatment of shrimp shells and the cross-
linked chitosan (CCTS) was then synthesized by its reaction with epichlorohydrin (ECH) under
alkaline conditions. Adsorption of uranium from aqueous nitrate solution onto CCTS was investi-
gated batch wise. The adsorption isotherm and the adsorption kinetic as well as thermodynamic
studies of this adsorption are carried out. The inﬂuence factors on uranium (VI) adsorption were
optimized and were found to include an initial pH of 3 and a contact time of 120 min. The Lang-
muir adsorption model was then applied for the mathematical description of the obtained adsorp-
tion equilibrium and where its data greatly agree with that model and where the maximum
adsorption capacity was estimated to be 903 mg/g. Adsorption kinetics data were also tested using
pseudo-ﬁrst-order and pseudo-second-order models and where the studied adsorption followed the
latter. In addition, determination of the thermodynamic parameters (DG, DH and DS) using
van’t Hoff equation has indicated that the prepared CCTS can conveniently be used for uranium
adsorption from its aqueous solution.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.1. Introduction
Uranium element is one of the most important resources to
secure energy. The main sources of uranium are soils, tailings
of some mineral processing activities, black sand and sea
water. It is usually found in the environment in the hexavalent
form as the mobile, aqueous uranyl ion (UO2
+2). On the other
hand, uranium is in demand for nuclear power production,
and has different applications including nuclear power plants,
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glass and pottery glaze [1].
Extensive efforts have recently been made toward the devel-
opment of new technologies for separation of U (VI) from
aqueous solutions [2].
The most used methods for the separation and preconcen-
tration of uranium include precipitation, co-precipitation, sol-
vent extraction, membrane dialysis, chromatographic
extraction, ion exchange and ﬂoatation [3,4]. Among these var-
ious methods, adsorption is an economically feasible method
and it has been emerged as the promising technique for
adsorption of U from aqueous solutions especially for efﬂuents
with moderate and low concentrations. In acidic solutions,
uranium exists as U (VI), whereas in neutral or basic pH con-
ditions, it normally exists as neutral or anionic species by com-
plex formation with anionic ligands such as OH or CO3
2 [5].
Chitosan is found to have excellent adsorption capacity for
various heavy metals. Chitosan is derived from polysaccharide
chitin which is well known as a low cost, abundant, renewable
marine polymer coming from the structural components of the
shells of crustaceans, such as shrimps, lobsters, and crabs; it is
the most plentiful natural polymer next to cellulose. Chitosan
is produced at an estimated amount of one billion tons per
year [6]. The molecular structure of chitosan is represented
by a b (1ﬁ 4) linked linear biopolymer consisting of 80% poly
(D-glucosamine) and 20% poly (N-acetyl-D-glucosamine). The
element uptake by chitosan is primarily attributed to the amine
and hydroxyl groups present in the polymer chain, which can
interact with various metallic species through ion exchange
and/or chelation mechanism.
Crosslinking has become the focus for the preparation of
CTS polymers in order to prevent dissolution of the hydro-
philic polymer chains in an aqueous environment and improve
engineering properties [7,8].
In general, the resins made of chitosan as a base material
are more hydrophilic than synthetic resins such as polystyrene,
poly (styrene-divinylbenzene), polyethylene, and polyurethane;
therefore the sorption kinetic is very fast [9]. Different kinds of
cross-linking agents such as glutaraldehyde [10], epichlorohy-
drin and ethylene glycol diglycidyl ether have been used in
the cross-linking reaction of chitosan. Aldehyde cross-linking
may result in the loss of adsorption capacity because some
amine groups are involved in the crosslinking reaction [11].
However, an advantage of epichlorohydrin is that it does not
eliminate the cationic amine function of chitosan [12].
In the present work, cross-linked chitosan was synthesized
by the reaction of chitosan with epichlorohydrin under alka-
line conditions. The uranium adsorption behavior on CCTS
was investigated.2. Methods
2.1. Preparation of chitosan and ECH–CCTS
Chitin of the Egyptian shrimp shells was ﬁrst puriﬁed via its
successive treatment with NaOH and HCl solutions in a man-
ner for its deproteinization and demineralization, respectively.
This was followed by de-colorization with acetone. The
removal of acetyl groups from the puriﬁed chitin was achieved
by mixing with NaOH in a solid to solvent ratio of 1:10 (w/v).
The resulting CTS ﬂake was rinsed with distilled water,ﬁltered, and then dried for 24 h [13,14]. In order to prepare
CCTS, the latter with 82% degree of de-acetylation and
110 KDa of molecular weight was dissolved in acetic acid fol-
lowed by gradual addition of ECH and drop wise addition of
5% (w/v) NaOH solution where the ECH–CCTS was obtained
as a white solid precipitate. The reaction of CTS with ECH
might be cross-linked at hydroxyl groups to form the ECH–
CCTS [15], as shown in Scheme 1.
2.2. Preparation of the uranium solution
The uranium solution assaying 300 ppm was prepared by dis-
solving a fraction of the uranium wet crude concentrate (23%
U) prepared at the Gattar pilot plant in HNO3 acid. The for-
mer is obtained by sulfuric acid heap leaching of Gattar min-
eralization followed by its concentration by Chinese anion
exchanger resin D263 B. From the obtained eluate, Gattar ura-
nium concentrate (sodium diuranate) was prepared by adding
NaOH solution at pH 7.
2.3. Experimental procedure
2.3.1. Adsorption experiments
Several series of batch adsorption experiments have ﬁrst been
performed using a synthetic CCTS (10 mg) and 50 ml of the
Gattar uranium solution (300 ppm) in order to optimize the
relevant adsorption factors. Adsorption studies were con-
ducted for optimizing U adsorption conditions such as contact
time, initial pH and temperature.
2.3.2. Adsorption isotherm
For the isotherm experiments, the initial solution pH was kept
at 3 with solution of (300 ppm U) at four different tempera-
tures 30, 40, 50 and 60 C. The effect of initial concentration
(300 mg L1) and different temperatures (30–60 C) on
adsorption rate was studied by keeping the mass of the CCTS
as 10 mg and, optimized volume of solution and pH condi-
tions. Flasks were shaken in a thermostatic shaker at different
times (30, 45, 60, 120 and 180 min.) with mixing rate of
300 rpm and the working slurry was ﬁltered and the remaining
uranium in the supernatant solution was determined by using
the titration method. The amount of adsorption at equilibrium
time t, qe (mg/g), was calculated by:
qc ¼
ðCo  Ce  VÞ
W
ð1Þ
Where Co and Ce are the liquid-phase concentrations of
uranium at initial and equilibrium time, respectively; V the vol-
ume of the solution (L); W is the mass of dry adsorbent used
(g). The adsorption efﬁciency of the uranium from aqueous
solution was calculated as follows:
Adsorption efficiencyð%Þ ¼ Co  Ce
C0
 100 ð2Þ2.3.3. Desorption process
The regeneration of the loaded CCTS is among the important
factors in economical technology. Desorption batch experi-
ments were carried out using different desorption agents such
as HNO3, Na2CO3, HCL and pure distilled water. After hav-
ing adsorbed the U ions, the CCTS (10 mg) was washed with
Scheme 1 Schematic representation for the cross-linking reaction of CTS with ECH to produce ECH–CCTS.
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reagent bottles. To this, 30 ml of the above different desorp-
tion agents with various concentrations was added, and then,
the bottles were shaken using the mechanical shaker.
The concentration of U ions released from CCTS into the
aqueous phase was determined. Desorption process was
repeated two times. The U ions desorption ratio from the
CCTS particles was calculated according to Eq. (3):
The desorption ratioðD%Þ ¼Wd
Wa
 100 ð3Þ
where Wd is the amount of uranium (mg) in the desorption
medium and Wa is the amount of uranium (mg) adsorbed on
CCTS.2.4. Analytical procedure
2.4.1. Characterization of the synthesized adsorbents
The FT-IR spectra of the synthesized adsorbents were
recorded with a Perkin Elmer Model IS 10 IR spectrophotom-
eter operating at a frequency range from 400 to 4000 cm1 and
Scanning electron microscopy (ESEM) analysis was done
using a Hitachi XL30 CP Scanning electron microscope. A
temperature controlled water bath shaker (Lab line Instru-
ments Pvt. Ltd. Kochi, India) with a temperature tolerance
of ±1 C was used for equilibrium kinetic and isotherm stud-
ies and pH measurements were made on a pH meter (model
361).Figure 1 FT-IR spectra of CTS, CCTS and uranium/CCTS.2.4.2. Uranium analysis
The method used for uranium determination is the titration
method which was performed by using few drops of diphenyl-
amine-4-sulfonic acid sodium salt as indicator. Titration of
5 ml sample solution against 1 M ammonium metavanadate
was performed till the end point of pale violet color appeared
[16].3. Result and discussion
3.1. Characterization of CTS, CCTS and U/CCTS
3.1.1. FT-IR spectra
The FT-IR spectra of (CTS), (CCTS) and uranium/CCTS are
shown in Fig. 1. Characteristic strong and broad bands
appeared at around 3441 cm1; corresponding to the stretch-
ing vibration of –NH2 group and –OH group in CTS spectra.
Figure 2 ESEM micrographs of CTS, CCST and uranium/
CCST.
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group from CCTS is obviously lower than that of –NH2 group
and –OH group from CTS, which indicate that the cross-
linked reaction occurred between chitosan and
epichlorohydrin.
The peaks at 2920 and 2869 cm1 can be assigned to asym-
metric and symmetric –CH2 groups. The peak at 1258 cm
1
can be attributed to the C–O–C stretching. The absorption
bands at 1082 and 1028 cm1 correspond to the stretching
vibration of the primary –OH group and the secondary –OH
group, respectively. The absorption band at 900 cm1, corre-
sponds to the characteristic absorption of b-D-glucose unit.
The bands at 1652 and 1375 cm1 are attributed to the stretch-
ing vibration of C‚O of the amide group and the C–H defor-
mation of the CH3 group, associated with fewer remaining
acetamide groups present in the polymeric chain, as a result
of the incomplete de-acetylation of chitosan (82%).
Uranium sorption by (CCTS) results in several changes in
FT-IR spectra where an important peak around 900-
920 cm1 is attributed to the band of uranyl ions. In addition,
small peaks observed in the free chitosan spectrum around
1430 and 1450 cm1 have disappeared when uranium is accu-
mulated [15].
3.1.2. ESEM analysis
The surface structural and elemental features of the CTS,
CCTS and U/CCTS were also studied using ESEM analysis.
The ESEM images obtained for these materials are shown in
Fig. 2. The surface of the CTS appears as non-particulate
and linear-layered folds. After crosslinking, folding disap-
peared and the surface exhibited a large number of protruding
portions and groove-like structures. By comparison of CCTS
and U/CCTS, the porous penetrated structure of CCTS disap-
peared and the surface has become homogeneous due to the U
(VI) distribution on the surface [17].
3.2. Results of uranium recovery by CCTS
Optimization of the U adsorption conditions through various
experimental conditions such as contact time, initial pH and
temperature.
3.2.1. Results of uranium adsorption by CCTS
3.2.1.1. Effect of contact time. Under the conditions of 10 mg
of adsorbent, pH 3, 30C and 50 ml of 300 ppm uranium,
the adsorption experiments were carried out for contact times
ranging from 15 to 180 min. The results are shown in Fig. 3.
From the obtained data it is clear that the adsorption efﬁciency
of uranium onto CCTS increases with an increase of contact
time from 13.3% at 15 min. to 40% at 60 min. which is equiv-
alent to about 6 mg U adsorbed upon CCTS. At 120 min. the
adsorption efﬁciency of uranium onto CCTS increases to
46.6% which indicated that about 7 mg U is adsorbed upon
CCTS. After 120 min., the change of the adsorption efﬁciency
was negligible where the adsorbed uranium remains constant
at about 7 mg U adsorbed upon CCTS indicating the attain-
ment of the adsorption equilibrium. As a consequence, the
contact time in further works has been taken as 120 min.
Concerning the uranium kinetics of adsorption, it was
found to consist two phases: an initial rapid phase where
adsorption was fast and contributed signiﬁcantly to equilib-rium uptake, and a slower second phase whose contribution
to the total uranium adsorption was relatively small. The ﬁrst
phase is interpreted to be the instantaneous adsorption stage
or external surface adsorption. The second phase is indeed
attributed to be the gradual adsorption stage where intraparti-
cle diffusion controls the adsorption rate until ﬁnally the U
uptake reaches equilibrium [18].
3.2.1.2. Effect of initial pH values. The effect of pH on the
adsorption of uranium onto CCTS was investigated for a pH
Figure 3 Effect of contact time on the adsorption efﬁciency of
uranium upon CCTS ([UO2
2+] = 300 ppm, CCTS = 10 mg,
pH = 3, and T= 30 C).
Preparation of chitosan from the shrimp shells 225range of 1–5 at 30 C and the determined optimum contact
time. The results are shown in Fig. 4. Uranium adsorption efﬁ-
ciency increased from 10% at pH 1 to a maximum value of
46.6% (pH 3) which is equivalent to about 7 mg U and then
declines slowly from 46.6% to 33.3% which correspond to
about 5 mg U with further increase in pH to 5. In strong acidic
solutions (pH < 3), more protons will be available to proton-
ate the amine groups to form –NH3
+;a matter which would
reduce the number of binding sites for the adsorption of
UO2
2+ and in turn the adsorption efﬁciency of uranium. How-
ever, the availability of free uranium ions is maximum at pH 3
and hence maximum adsorption occurrs. When pH value
increases beyond 3 hydrolysis starts due to the formation of
complexes in aqueous solution. The hydrolysis of uranyl ions
plays a signiﬁcant role in determining the uranium equilibrium
between solution and adsorbent. Hydrolysis products include
UO2 (OH)
+, (UO2)2(OH)2
2+, (UO2)3(OH)5
3+, (UO2)2(OH)2
and would result in the decline of the adsorption efﬁciency
of uranium [19,20].
3.2.1.3. Effect of temperature. Complete adsorption isotherms
of U were obtained by placing 10 mg CCTS in a series of ﬂasks
containing 50 ml of U ions of a deﬁnite concentration
(300 ppm) at optimum pH and contact time. The ﬂasks wereFigure 4 Effect of pH value on the adsorption efﬁciency of
uranium upon CCTS ([UO2
2+] = 300 ppm, CCTS = 10 mg, and
T= 30 C).agitated on a shaker at 300 rpm while keeping the temperature
at 30, 40, 50 and 60 C. After equilibration, the residual con-
centration of U (VI) was determined and the adsorption efﬁ-
ciency was calculated. From the results shown in Fig. 5, it
was clearly evident that uranium adsorption efﬁciency has
decreased from 46.6% (7 mg U) to 25% (4 mg U) by increas-
ing the solution temperature from 30 to 60 C. This might indi-
cate the exothermic nature of the adsorption process [21].
3.2.2. Calculation of the physical parameters
3.2.2.1. Adsorption kinetics. In order to investigate the kinetic
mechanism, which controls the adsorption process, the
pseudo-ﬁrst-order, pseudo-second-order kinetic models and
the intraparticle diffusion model were used to study the
adsorption kinetics of U. The pseudo-ﬁrst-order kinetic model
has the following linear form [22]:
lnðqe  qtÞ ¼ ln qe  kt1 ð4Þ
while the pseudo-second-order kinetic model has the following
general expression [23]:
t
qt
¼ 1
k2q2e
þ t
qe
ð5Þ
where qt (mg g
1) is the amount of U adsorbed on the adsor-
bent at time t. k1 (min
1) and k2 (g mg
1 min1) are the rate
constants for the pseudo-ﬁrst-order and pseudo-second order
kinetic models, respectively.
The equation of the intraparticle diffusion model is [24]:
qt ¼ kit1=2 þ C ð6Þ
where ki (mg g
1 min1/2) is the intraparticle diffusion rate
constant and C (mg g1) is a constant.
The kinetic parameters were studied using 300 ppm of U
under the conditions of optimum pH and 10 mg of the synthe-
sized CCTS and 30 C. The contact time was varied as 30, 45,
60, 120 and180 min. The obtained adsorption data were ﬁt to
the pseudo-ﬁrst-order, pseudo-second-order kinetics and the
intraparticle diffusion model as potential models for the
behavior of U adsorption. The adsorption kinetic parameters
at 30 C are given in Table 1. The calculated value of adsorp-
tion capacity, qe, cal is lower than the value of experimental
adsorption capacity, qe, exp in the pseudo-ﬁrst-order kinetics
while the calculated value of adsorption capacity, qe, cal isFigure 5 Effect of temperature on the adsorption efﬁciency of U
(VI) upon CCTS ([UO2
2+] = 300 ppm, CCTS = 10 mg and
pH= 3).
Table 1 Comparison of different kinetic model parameters at
30 C.
Kinetic model parameters Values
Pseudo-ﬁrst-order model
qe (mg g
1) 694.38
k (min1) 00.013
R2 00.94
Pseudo-second-order model
qe (mg g
1) 1000
k (g mg1 min1) 10526
R2 00.75
Intraparticle diﬀusion model
ki (mg g
1 min1/2) 00.016
C 2.066
Figure 7 Adsorption isotherm of uranium (VI) upon CCTS
(CCTS = 10 mg, pH = 3, and T= 30 C).
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in the pseudo-second-order kinetics and the intraparticle diffu-
sion model, indicating that U adsorption on CCTS followed
the pseudo-second-order rate expression. The intraparticle dif-
fusion model commonly divides the adsorption process into
three stages: the rapid surface adsorption stage, the gradual
inward diffusion stage and the ﬁnal equilibrium stage [25]. Lin-
ear plots of the intraparticle diffusion model are shown in
Fig. 6. For CCTS, the adsorption process can be divided into
three stages and the multilinearity of simulated curve con-
ﬁrmed the above assumptions of the intraparticle diffusion
model. Therefore, U adsorption on CCTS can be considered
as the combination of surface adsorption and pore-ﬁlling by
diffusion. As well as the intercepts C were not zero, which indi-
cated that intraparticle diffusion may not be the controlling
factor in determining the kinetics of the adsorption process
[26].
3.2.2.2. Adsorption isotherm. The adsorption isotherm would
indicate how the adsorbent molecules distribute between the
liquid and the solid phase when the adsorption process reaches
an equilibrium state [27]. The Langmuir model is often used to
describe equilibrium adsorption isotherms and considers the
adsorbent surface as homogeneous with identical sites in terms
of energy. Eq. (7) represents the Langmuir isotherm:
Ce
qe
¼ 1
Qmb
þ Ce
Qm
ð7ÞFigure 6 Linear ﬁts of kinetic test data with intraparticle
diffusion model.where qe is the amount of U adsorbed at equilibrium (mg/g),
Ce is the equilibrium U ion concentration remaining in solu-
tion, b is the Langmuir constant related to the afﬁnity of the
binding site (L/mg), and Qm is the saturated monolayer
adsorption capacity (mg/g). Fig. 7 shows the adsorption of
uranium on the CCTS. A linearized plot of Ce/qe against Ce
gives a Qm and b. The calculated results of the Langmuir iso-
therm constants are given in Table 2. It is found that the
adsorption of uranium on the CCTS correlated well
(R2  0.95) with the Langmuir equation which is the suitable
model for adsorption equilibrium of uranium onto CCTS.
3.2.2.3. Thermodynamics studies. The thermodynamic parame-
ters obtained for the sorption process were calculated using
van’t Hoff equation: [28]
lnKD ¼ DSads=R DH

ads=RT ð8Þ
where, DSoads is standard entropy (J mol
1 K1), DHoads is stan-
dard enthalpy (kJ mol1), T is the absolute temperature (K),
and R is the gas constant (8.314 J mol1 K1) and KD is the
distribution coefﬁcient (ml/g) can be calculated from the
equation
KD ¼ madsV=msolW; ð9Þ
where mads and msol are the amount of metal in adsorbent and
in solution (mg), V is the volume of the solution (ml), andW is
the weight of the adsorbent (g) (see Fig. 8).
The bio-sorption process of metal ions can be summarized
by the following reversible process which represents a hetero-
geneous equilibrium [29]:
Metal ion in solution$Metal ion Bio sorbent ð10Þ
The standard Gibbs free energy DGoads values (kJ mol
1)
were calculated from the equation:
DG

ads ¼ DH

ads  TDS

ads ð11ÞTable 2 Langmuir constants and correlation coefﬁcients for
adsorption of uranium by CCTS.
Langmuir const. and corr. coef. Values
Qm (mg/g) 903
b 0.016
R2 0.996
Figure 8 Van’t Hoff plot of distribution coefﬁcient against
temperature.
Table 3 Standard thermodynamic parameters of uranium
adsorption on CCTS at different temperature.
T (K) Ln KD DH
(kJ mol1)
DS
(J mol1 K1)
DGo
(kJ mol1)
303 11.63 2900.68
313 11.39 261.35 87.98 3780.46
323 11.18 4660.23
333 11.12 5540.01
Table 4 Desorption of uranium from U loaded CCTS using
different desorbing agents at different concentrations.
Desorbing
agent type
Desorbing agent
concentration (mole)
U desorption
eﬃciency (%)
Distilled water – 33.3
Na2CO3 0.05
0.10
0.50
1.00
86.2
86.4
42.8
14.2
NaOH 0.05
0.10
0.50
1.00
13.3
14.2
11.8
1.40
HNO3 0.05
0.10
0.50
1.00
18.0
20.0
14.0
1.30
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o
ads, and DG
o
ads are reported in
Table 3. In fact, the negative value of enthalpy change DHoads
for the processes further conﬁrms the exothermic nature of
the process while the positive small value entropy of adsorp-
tion DSoads reﬂects the afﬁnity of the adsorbent material toward
uranium. Also, the negative free energy values DGoads indicate
the feasibility of the process and its spontaneous nature with-
out an induction period.
3.2.3. Results of uranium desorption from CCTS
Several desorption experiments have been performed upon U/
CCTS (7 mg U/10 mg CCTS). The desorbing agents used for
desorption were Na2CO3, NaOH, and HNO3 besides distilled
water at different concentrations. From the obtained data
shown in Table 4, it was shown that the best reagent for ura-
nium desorption was 0.1 M Na2CO3 solution where desorptionefﬁciency of up to 86.4% has been realized. The latter has not
been perceptibly increased by increasing the molarity of
Na2CO3 behind 0.1 M, however, by increasing the contact time
from 20 to 40 min., the percentage of desorption efﬁciency
increased to 93.4% (equivalent to 6.59 mg U). At this
efﬁciency, the uranium assay in the obtained carbonate
desorption liquor has thus attained about 0.22 g U/L. These
results indicated that CCTS resin could be reused for further
treatment of uranium bearing solution.
4. Conclusions
The uranium (VI) adsorption efﬁciency by CCTS was strongly
dependent on contact time, pH, and temperature. The adsorp-
tion efﬁciency of uranium onto CCTS increases with an
increase of contact time and reaches adsorption equilibrium
within 120 min, the adsorption efﬁciency increased with
increasing pH to a maximum value (pH 3.0) and then declines
slowly with further increase in pH. Adsorption kinetics data
were tested using pseudo-ﬁrst-order and pseudo-second-order
models. Kinetic studies showed that the adsorption followed
a pseudo-second-order kinetic model. Langmuir adsorption
model was used for the mathematical description of the
adsorption equilibrium. It is found that the adsorption of ura-
nium onto CCTS correlated well with the Langmuir equation,
Langmuir model is suitable for adsorption equilibrium of ura-
nium onto CCTS. Thermodynamic data showed that the
adsorption processes are exothermic and spontaneous. Fur-
thermore, the percentage of desorption efﬁciency increased to
93.4% which indicated that synthesized CCTS resin could be
reused for further treatment of uranium bearing solution.
Acknowledgements
The authors would like to thanks the head of the Egyptian
Nuclear Materials Authority (ENMA) and the head of the
Egyptian Petroleum Research Institute (EPRI) for helping to
produce this work.
References
[1] M. Eisenbud, T. Gesell, Environmental Radioactivity. From
Natural, Industrial and Military Sources, fourth ed., Academic
Press, 1997.
[2] A.T. Kuhu, Electrochemistry of Cleaner Environments, Plenum
Press, New York, 1972.
[3] F.A. Aydin, M. Soylak, Talanta 72 (1) (2007) 187–192.
[4] M.R. Yaftian, R. Taheri, A.A. Zamani, D. Matt, J. Radioanal.
Chem. 262 (2004) 455–459.
[5] I.A. Katsoyiannis, H.W. Althoff, H. Bartel, M. Jekel, Water
Res. 40 (2006) 3646–3652.
[6] T. Sugama, M. Cook, Prog. Org. Coat. 38 (2000) 79–87.
[7] T.S. Anirudhan, S. Rijith, J. Environ. Radioact. 106 (2012) 8–
19.
[8] W.L. Du, S.S. Niu, Z.R. Xu, Y.L. Xu, J. Appl. Polym. Sci. 111
(2009) 2881–2885.
[9] K. Oshita, M. Oshima, Y.H. Gao, K.H. Lee, S. Motomizu, J.
Anal. Sci. 18 (2002) 1121–1125.
[10] W.S. Wan Ngah, S. Fathinathan, J. Colloid Surf. A 277 (2006)
214–222.
[11] L. Martinez, F. Agnely, B. Leclerc, J. Siepmann, M. Cotte, S.
Deiger, Eur. J. Pharm. Biopharm. 67 (2007) 339–348.
[12] S.H. Lee, S.Y. Park, J.H. Choi, J. Appl. Polym. Sci. 9 (2004)
2054–2062.
228 A.M. Motawie et al.[13] M.H.M. Hussein, M.F. El-Hady, W.M. Sayed, H. Hefni, J.
Polym. Sci. Ser. A 54 (2013) 113–124.
[14] M.H.M. Hussain, Z. Abdeen, H. Hefni, Chitosan production by
products as valuable material, Advances in chitin science - vol.
XI, Venice, 2009, pp. 493–498.
[15] Guanghui Wang, J. Liu, X. Wang, Z. Xie, N. Deng, J. Hazard.
Mater. 168 (2009) 1053–1082.
[16] W. Davies, W. Gray, Talanta 11 (1964) 1203–1211.
[17] T.S. Anirudhan, S. Rijith, J. Environ. Radioact. 106 (2012) 8–
19.
[18] A. Bhatnagar, M. Sillanpaa, Adv. Colloid Interface Sci. 152
(2009) 26–38.
[19] W.C. Li, D.M. Victor, C.L. Chakrabarti, Anal. Chem. 52 (1980)
520–534.
[20] H. Parab, S. Joshi, N. Shenoy, R. Verma, A. Lali, M.
Sudersanan, Bioresour. Technol. 96 (2005) 1241–1248.[21] Limin Zhou, Chao Shang, Zhirong Liu, Guolin Huang, Adesoji
A. Adesina, J. Colloid Interface Sci. 366 (2012) 165–172.
[22] Y.S. Ho, Scientometrics 59 (2004) 171–177.
[23] M. Sarkar, A.R. Sarkar, J.L. Goes swami, J. Hazard. Mater. 149
(2007) 666–674.
[24] Y.S. Ho, G. McKay, Trans. Inst. Chem. Eng. 76B (1998) 332–
340.
[25] S. Wang, E. Ariyanto, J. Colloid Interface Sci. 314 (2007) 25–31.
[26] X. Tang, Z. Li, Y. Chen, J. Hazard. Mater. 161 (2009)
824–834.
[27] M. Hasan, A.L. Ahmad, B.H. Hameed, J. Chem. Eng. 136
(2008) 164–172.
[28] E. Fourest, B. Volesky, Appl. Biochem. Biotechnol. 67 (1997)
33–44.
[29] A. Mellah, S. Chegrouche, M. Barkat, J. Colloid Interface Sci
296 (2006) 434–441.
